Environmental context. Understanding trace metal speciation in coal combustion flue gases is imperative to the design of effective capture technologies to prevent their release into the atmosphere. Unfortunately much of the kinetics that dictate trace metal speciation are not known and the current study focuses for the first time on the kinetics for three reactions involving mercury and one involving selenium. Rate constant expressions are provided over a broad temperature range (i.e. 298-2000 K), indicative of post-combustion flue gas conditions.
Introduction
The combustion of coal continues to be a substantial source of energy in the United States; approximately half of the electricity generated is derived from coal according to the Department of Energy (Energy Information Administration, see http://www. eia.doe.gov/neic/infosheets/electricgeneration.html, accessed January 2011). The harmful emissions of trace metals created during the combustion process [1] [2] [3] have garnered much attention in the past decade with various state-wide environmental regulations being enacted to limit their release into the atmosphere. As a result, there is a much greater need for effective removal strategies of trace metals such as mercury and selenium and, correspondingly, much more interest in work regarding their reaction kinetics and related speciation. [4] [5] [6] The primary source of domestic anthropogenic Hg emissions is through the combustion of coal in power plants, and on 15 March 2005 the USA EPA issued the Clean Air Mercury Rule to reduce Hg emissions from coal-fired power plants by 69% from 1999 levels by the year 2018. [7] A February 2008 decision by the US District of Columbia Circuit Court of Appeals remanded the Clean Air Mercury Rule back to the US Environmental Protection Agency (for additional information please refer to the document vacating EPA's rule by the Washington, DC, circuit court thereby removing power plants from the Clean Air Act list of sources of hazardous air pollutants, see http://www.epa.gov/camr/, accessed January 2011), opening the possibility of more stringent federal emission limits similar to those already adopted by some states. To meet these limits, high mercury removals based on Maximum Achievable Control Technology (MACT) for individual power plants may be needed. It is anticipated that MACT will include Hg in addition to other trace metals such as selenium (Se) (for additional information please check Clean Air Act (Section 112) at http://www.epa.gov/camr/, accessed January 2011). The likely predominant forms of mercury are elemental (Hg 0 ) and oxidised (HgCl 2 ), the former being the chief constituent at high temperatures (above 850 K) and the latter being the principal Hg species at lower temperatures (below 800 K), but highly dependent upon the chlorine content of the coal. [8] From thermochemical equilibrium calculations, mercuric oxide (HgO) may also exist at approximately the same temperature as the Hg/HgCl 2 crossover, i.e. ,825 K, and may continue to exist in small quantities at higher temperatures. [9] Because HgCl 2 is soluble in water, its removal is ideal through the use of wet scrubbers originally in place for SO 2 removal; therefore, knowledge of possible mechanisms for HgCl 2 formation may allow for modifications in combustion conditions to enhance Hg 0 conversion to this oxidised form. The aim of the current work is to add mercury oxidation reaction pathway kinetics to the existing body of knowledge for implementation into global combustion models. [10] [11] [12] [13] Selenium speciation in flue gas has also been investigated [14, 15] and although very little kinetic data are available for Se reactions, a previous thermodynamic study [16] shows that SeH 2 is the predominant Se species under reducing conditions, which would be applicable to coal gasification applications. Previous investigations have focussed on the reaction pathways involving SeO 2 , which is thought to be the prevalent species under oxidising conditions. [16] [17] [18] The current work is the first to investigate the direct H 2 insertion reaction to the formation of SeH 2 .
Hg þ Cl 2 2 HgCl 2 ðR1Þ
HgCl þ Cl 2 HgCl 2 ðR2Þ
Rate constants are obtained in this work for reactions 1 through 4 by variationally minimising the universal Rice-RamspergerKassel-Marcus (RRKM) rate constant with respect to the position of the generalised transition state along the reaction coordinate, similar to previous work. [19] Computational methodology
Calculations were carried out using the Gaussian 03 suite of programs. [20] Basis sets incorporating relativistic effects were employed through the use of small-core relativistic effective core potentials (RECP) for the inner electrons of mercury. A relativistic compact effective potential, RECP60VDZ of the Stevens group, [21] which replaces 60 of mercury's atomic core electrons, derived from numerical Dirac-Fock wave functions using an optimising process based upon the energy-overlap functional was used. Energy-optimised (5s5p)/[2s2p] Gaussiantype double-B quality sp and triple-B quality d functions were used, with the triple-B d functions essential for describing the orbital shape changes that exist with d occupancy. The second basis set carried out for mercury relies upon the relativistic ECP60MDF pseudopotential of the Stuttgart group [22] with the energy-optimised (8s8p7d)/[6s6p4d] Gaussian-Type Orbital (GTO) valence basis optimised using multiconfiguration DiracFock (MCDF) calculations. For selenium and other species such as chlorine, oxygen and hydrogen, a complete Pople [23] basis set that incorporates both diffuse and polarisation functions was employed, i.e. 6-311þþG(3df,3pd). The optimal basis set and method combination were chosen based upon a comparison of bond distances, vibrational frequencies and theoretical reaction enthalpy predictions to experiment.
Kinetic calculations
To determine the unimolecular decomposition rate constants for the reverse of reactions 1-4, RRKM theory was carried out using the Holbrook et al. [24] test on Unimolecular Reactions as a guide. For the forward reactions, the experimental equilibrium constants along with the RRKM-derived unimolecular rate constant data were used. RRKM theory models a unimolecular decomposition reaction as a two-step process following the general form shown in reaction 5 where AB is the reactant molecule, M is the collision partner, and * indicates that the species is energised:
The overall rate constant expression (k uni ) is given in Eqn 1, in which the rate constants of both the deactivation (reverse of first step of reaction 5) and the decomposition (second step of reaction 5) are taken into account:
In Eqn 1, the statistical factor (L) is the number of possible ways the reaction can proceed to obtain a desired product. For instance in the case of HgCl decomposition, L ¼ 1 as there is only one way in which the species can dissociate into Hg and Cl atoms. The quantity Q 1 þ is the rotational partition function of the adiabatic rotations of the activated complex, Q 1 is the rotational partition function of the reactant, and Q 2 is the vibrational partition function of the reactant. Additionally, the activation energy (E 0 ) is the difference between the reactant energy and the minimum needed to cross the barrier, whereas E* is the energy of each state relative to E 0 , and DE is the step size between states. The sum over states (X) is defined as:
The deactivation rate constant is represented by the b c Z LJ [M] term whereas the decomposition rate constant (k a ) is given by Eqn 3. The collisional efficiency factor (b c ) was selected as a value of 0.1, as the reactions were assumed to be in an inert bath gas, [25] and [M] is simply the concentration of the collision partner. The equation for the Lennard-Jones parameter (Eqn 2) is as follows: 
Within Eqn 4, m represents the reduced mass and s the collision diameter, in which the subscript 'am' refers to the reactant molecule (A) and the collision partner (M). In determining the Lennard-Jones parameter, a correction factor (O) is also used and is calculated using either Eqn 5 or 6. The value of e am /k is found using Eqn 7 using critical temperature and compressibility data.
The energy level consists of a series of steps above that of the transition structure, as predicted by the Lindemann-Hinshelwood mechanism; the number of steps for any given reaction will depend upon the step size (DE) and the maximum energy (E max ). These are both selected arbitrarily but DE is typically between 0.4 and 2.0 kJ mol À1 [24] (30-170 cm À1 ), whereas E max has been chosen to be a value of 9000 cm À1 . Once the values of DE and E max are determined, the sum and density of states are calculated at each energy level using the Beyer-Swinehart algorithm. [26] This algorithm predicts how many linear combinations of the vibrational frequencies, i.e. states that exist between E 0 and E max , and determines which energy level they exist at based upon their magnitude. Each energy range will then have several states associated within it; the density of states (r) for each range is the number of states divided by the step size (DE), whereas the sum of states (W) is a direct count of how many states exist at or below the current energy level. By finding W and r at each energy level, the value of k a at the corresponding levels can be determined and thus the overall sum of the quantity X used in calculating the rate constant (k uni ).
Results and discussion

Vibrational frequency and bond distance comparison
The predicted vibrational frequencies of the ground states of HgCl, HgCl 2 , HgO and SeH 2 have been compared to available experimental data as shown in Table 1 . There have been two reports of experimental vibrational frequencies for HgCl in the literature, i.e. 292.6 cm À1 [27] and 298.97 cm À1 . [28] At the B3LYP/ECP60MDF and B3LYP/RCEP60VDZ levels of theory, the predicted vibrational frequency is 260 and 244 cm À1 respectively. Both levels of theory predicted the HgCl 2 vibrational frequencies with higher accuracy. The doubly-degenerate P u state has a reported experimental vibrational frequency of 100 cm À1 , [29] with the best prediction lying within 10 cm À1 at 92 cm À1 at the B3LYP/RCEP60VDZ level of theory. Experimentally, it has been difficult to measure the S g state, with many reports available in the literature, ranging from 313 to 366 cm À1 . [30, 31] Both levels of theory investigated fall within this range, with predictions of 319 and 318 cm À1 for B3LYP/ ECP60MDF and B3LYP/RCEP60VDZ levels of theory respectively. Finally, the P u state has also been reported with measured values of 376 cm À1 [31] and 413 cm À1 , [32] with the best prediction lying within 2 cm À1 at 374 cm À1 at the B3LYP/ RCEP60VDZ level of theory. The following vibrational frequencies of SeH 2 have been measured by Hill and Edwards [33] and compare reasonably well with theoretical predictions in parentheses at the CCSD(T)/6-311þþG(3df,3pd) level of theory: 2453.77 cm À1 (2471), 2438.66 cm À1 (2460) and 1053.16 cm À1 (1061). To the author's knowledge there exists no vibrational frequency measurements for in the literature. Table 1 also includes a comparison of the predicted equilibrium bond distances to available measured data. Experimental measurements [34] [35] [36] of HgCl bond distances range from 2.36 to 2.50 Å . Both levels of theory investigated predict bond distances within this range. The experimental bond distances [32, 34, 37] for HgCl 2 range from 2.25 to 2.44 Å . Again, both levels of theory fall within this range with predictions of 2.32 and 2.31 Å at the B3LYP/ECP60MDF and B3LYP/RCEP60VDZ levels of theory respectively. The QCISD(T)/RCEP60VDZ level of theory predicts a bond distance of 2.07 Å for HgO, which agrees reasonably well with the experimental value [38] of 2.03 Å from X-ray diffraction measurements. The CCSD(T)/6-311þþG (3df,3pd) level of theory predicts an angle of 90.438 and an equilibrium bond distance of 1.420 Å , which compare reasonably well to the experimental measurements of Hill, [33] i.e. an angle of 90.348 with a bond distance of 1.460 Å .
Reaction enthalpy comparison
In addition to the geometry and vibrational frequency predictions, the thermochemistry of reactions 1 and 4 have also been [27] 298.97 [28] 260 244 HgCl 2 (symmetric stretch) 376, [31] 413 [32] 373 374 (asymmetric stretch) 313-366 [30] 319 318 (bend) 100 [29] 84, 84 92, 92
CCSD(T)/6-311þþG(3df,3pd) SeH 2 (symmetric stretch) 2453.77 [33] 2471 (asymmetric stretch) 2438.66 [33] 2460 (scissors) 1053.16 [33] 1061
Bond distance comparison (Å ) HgCl 2.36-2.50 [34] [35] [36] 2.4648 2.4896 HgCl 2 2.25-2.44 [32, 34, 37] 2.3211 2.3195 QCISD(T)/RCEP60VDZ HgO 2.03 [38] 2.0791 CCSD(T)/6-311þþG(3df,3pd) SeH 2 +90.348; 1.460 [33] +90.438; 1.4255 Trace metal kinetics in flue gas examined and are compared to the experimental data [32] in Table 2 . The experimental value reported for reaction 1 is À51.634 kcal mol
À1
. The theoretical prediction at the B3LYP/ ECP60MDF level of theory underpredicts this value by just over 3 kcal mol À1 at À55.033 kcal mol
. The same level of theory also deviates from experiment for reaction 2 by ,3 kcal mol . [39] [40] [41] [42] The experimental data suggests a heat of formation of 10 kcal mol À1 . [32] The enthalpies of reaction estimated from various sources of the HgO formation enthalpy are listed in Table 2 and range between À4.00 and À13.97 kcal mol À1 from the theoretical predictions available in the literature, compared to an experimental-based [32] calculation of À64.22 kcal mol À1 . At the QCISD(T)/RCEP60VDZ level of theory carried out in the current work an estimate of À10.58 kcal mol À1 is predicted, which lies within the range of the previous theory-based predictions. Experimental data exists for reaction 4. Gibson et al. [43] carried out a photoionisation study on SeH 2 and predicted an enthalpy of reaction of À49.89 AE 0.14 kcal mol À1 . At the CCSD(T)/6-311þþG (3df,3pd) level of theory, a prediction of À49.94 kcal mol À1 fits within this range.
Rate constant predictions
To the author's knowledge, no experimental rate constant data exist for any of the four reactions investigated. For each reaction, potential energy curves have been generated at the level of theory that most accurately predicts the experimental vibrational frequency, bond distance and reaction enthalpy. Saddle points have been identified by having one imaginary frequency. Table 3 lists the geometric and vibrational frequency data for the transition structures identified for each reaction. Reactions 1 and 4 are direct insertion reactions in which Hg and Se are directly inserted into the structure of Cl 2 and H 2 from the product species HgCl 2 and SeH 2 respectively. For reaction 1, the bond angle of the transition state is 57.28, whereas the bond angle for reactions 4 is tighter at 25.08. Reaction 2 was assumed to proceed via a linear transition structure. Table 4 lists the kinetic data required for the calculation of forward and reverse rate constants for reactions 1 and 4. The kinetics of each reaction were determined at the following levels of theory: B3LYP/ ECP60MDF (Hg þ Cl 2 2 HgCl 2 and HgCl þ Cl 2 HgCl 2 reactions), QCISD(T)/RCEP60VDZ (Hg þ O 2 HgO), and CCSD(T)/6-311þþG(3df,3pd) (Se þ H 2 2 SeH 2 ). The forward rate constants of reactions 1 and 4 were calculated from the product of the equilibrium constant (K eq ) obtained from experiment [32] and the RRKM-derived reverse rate constant for the unimolecular decomposition. The two direct insertion reactions involving HgCl 2 and SeH 2 proceeded in an Arrhenius fashion with fairly small preexponential factors for the forward recombination directions, e.g. for the SeH 2 2 Se þ H 2 decomposition pathways. For the last two reactions investigated, the rate constants for the radicalradical recombination reaction, HgCl þ Cl 2 HgCl 2 and atomradical recombination reaction, Hg þ O 2 HgO, were found to decrease as temperature increased. These rate constants could still be expressed in an Arrhenius fashion, but it would require a negative activation energy to capture the trend accurately. Both reactions are nearly barrierless in the forward direction.
Increasing the temperature provides increased energy to an activated complex making it less likely for the complex to proceed to the potential well through the product channel. The rate expressions for these reactions are represented by a power law expression, e.g. k ¼ A Â (T/298) n , as shown in Table 4 . [32] À79.445 À73.167
À4.00, [42] À8.92, [39] À13.97, [40] À64.22 [32] À10.58
À49.89 AE 0.14 [43] À49.94 The dissociation pathway of HgCl 2 (reverse reaction) proceeds with a significant barrier of 79.32 kcal mol À1 , whereas the dissociation of HgO is substantially smaller at 7.51 kcal mol
À1
. Although an accurate analysis of this data requires their input into a global model, some general conclusions can be made regarding the relative thermodynamic stability and relative time scales associated with each of the four reactions investigated. For instance, investigation of the forward kinetics at ambient conditions, reveals that reaction 3 is the most kineticallyfavoured reaction, whereas the direct oxidation of Hg via Cl 2 in reaction 1 is the slowest of the reactions, which is not surprising given its low pre-exponential factor. At higher temperatures (e.g. 2000 K, indicative of exit boiler conditions) reaction 1 becomes competitive with reactions 3 and 4 as these are both kinetically-limited as temperature increases. In terms of thermodynamic stability, the product channel of reaction 3 is favoured to a much greater extent than the product channel of reaction 1. In total, these data are intended for use over a broad temperature range spanning the conditions of postcombustion flue gases in order to more accurately determine trace metal speciation, which will aid in the design of more effective control technologies for these volatile and environmentally harmful compounds. 
QCISD(T)/RCEP60VDZ
A Based upon theoretical predictions of HgO enthalpy of formation.
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